Acoustomotive optical coherence elastography (AM-OCE), a dynamic and internal excitation optical coherence elastography technique, is reported. Acoustic radiation force was used for internal mechanical excitation, and spectral-domain optical coherence tomography was used for detection. Mechanical properties of gelatin tissue phantoms were measured by AM-OCE and verified using rheometry results. Measured mechanical properties including shear moduli and shear damping parameters of the gelatin samples double when their polymer concentration increases from 3% to 4%. Spectral analysis was also performed on the acquired data, which improved the processing speed by a factor of 5 compared with a least-square fitting approach. Quantitative measurement, microscale resolution, and remote excitation are the main features of AM-OCE, which make the technique promising for measuring biomechanical properties.
Biomechanical properties of living tissues are of great importance, as they contribute to or are responsible for tissue health and disease, cellular and extracellular structural integrity, and biological development. For example, biomechanical properties of the microenvironment play a vital role in tumor growth [1] . Therefore being able to quantitatively determine the biomechanical properties of tissues and their microenvironment is significant, especially in vivo. There exist well-developed methods for biomechanical property measurements. For example, ultrasound and magnetic resonance imaging elastography techniques have succeeded in measuring biomechanical properties at the scale of tissues or organs [2, 3] . Atomic force microscopy has been used to determine tissue biomechanical properties from nanoscopic to microscopic scales [4] . Among these techniques, optical coherence elastography (OCE) has been well established for imaging and measurements at micrometer scales, which makes it suitable for studies of biomechanical properties of tissue microenvironments.
OCE is a novel elastography technology used to determine tissue biomechanical properties utilizing the in vivo imaging modality of optical coherence tomography (OCT) [5] . OCE techniques can be classified in different ways. Based on different spatial excitation characteristics, OCE techniques can be classified as internal excitation or external excitation, while based on different temporal excitation characteristics, OCE techniques can be classified as either static or dynamic, as shown in Fig. 1(a) . Most conventional OCE techniques utilize static and external excitation [6, 7] , but they often suffer from inaccuracies from speckle tracking algorithms [8] . Dynamic and external excitation OCE can be useful for quantitatively mapping tissue biomechanical properties without speckle tracking algorithms but typically involve long processing times [8] . All these OCE studies using external excitation methods may suffer from an inability to maintain a sterile in vivo environment. Thermal elastic optical Doppler tomography was reported for measuring phantom mechanical properties, and this method can be classified as static with internal excitation OCE [9] . In this Letter, we present acoustomotive OCE (AM-OCE), which is a dynamic and internal excitation OCE technique that is demonstrated for estimation of the mechanical properties of biomaterial phantoms. This technique utilizes acoustic radiation forces for internal mechanical excitation and OCT for detection. In contrast, photoacoustic tomography utilizes laser pulses for excitation and ultrasonic transducers for detection [10] , but rarely has this technique been used for mechanical property measurements. Magnetomotive OCT also has the potential to be used as an elastography technique with dynamic and internal excitation [11] . To the best of our knowledge, this is the first experimental demonstration of a dynamic and internal excitation OCE technique. With similar mechanical properties to living tissues, gelatin-based phantoms (250 bloom strength, Type B gelatin, Rouselot) were constructed for AM-OCE measurements. Gelatin powder and distilled water were heated in a water bath at a temperature between 62°C-68°C for 1 h and periodically stirred. When the sample was cooled to 50°C, 0.1% weightby-weight (w/w) formaldehyde was added and thoroughly mixed. Liquid gelatin was poured into the sample mold (diameter 7.5 cm, height 5.5 cm). A 1.5 mm stainless steel sphere was introduced just prior to gelling. Steel spheres were used as one of the typical models for microcalcifications mimicking stiff tissue lesions, such as small tumors in ultrasound radiation force studies [12] . Samples were made with 3% and 4% w/w gel concentrations. Consequently, the congealed gels were homogenous except for isolated spheres. The spheres were positioned at the center of the phantom to minimize the influence of boundary effects on the measurement. OCE experiments were conducted after 1 day of gelation. It should be noted that AM-OCE measures the mechanical properties of the microenvironment surrounding inclusions (such as the tumor-mimicking sphere), rather than the mechanical properties of the inclusion. However, the mechanical properties of both the inclusion and the microenvironment would be inherently related.
A spectral-domain OCT system was used in this study, using a Nd: YVO 4 -pumped Ti:sapphire laser source with a center wavelength of 800 nm and a bandwidth of 100 nm. The axial resolution was approximately 3 µm in the samples. A 12.5 mm diameter, 40 mm focal length lens was used in the sample arm to provide a transverse resolution of 13 µm. The average power incident on the sample was 10 mW. A line camera with an acquisition rate of 25 kHz was used to detect the spectral interference signal. Acoustic radiation force was applied by a circular 19 mm diameter f / 1 piezoelectric transducer (PZT) element transmitting sine-wave bursts of 100 ms at the resonant frequency of 1 MHz. The primary radiation force was estimated to be 60 µN. The PZT element was synchronized with the OCT system in the form of step functions of radiation force, which was propagated into the samples. The sphere was positioned on the beam axis at the 24.5 mm radius of curvature of the ultrasound source. A schematic of the experimental setup is shown in Fig. 1(b) . A B-mode OCT image of the sphere is shown in Fig. 2(a) , in which the arrow denotes the position from where M-mode OCT images were acquired. In Figs. 2(b) and 2(c) , the amplitude and phase of an M-mode image are shown, respectively. The phase of the M-mode OCE image is proportional to the displacement of the sphere over time [8] , and thus was used for the elastography analysis.
The recorded OCE data were similarly analyzed, as described in our previous study [13] . In brief, we modeled the system comprised of a sphere embedded in gelatin as a Kelvin-Voigt body model with a mass, which can be expressed as mz͑t͒ + ␥ 0 ż͑t͒ + k 0 z͑t͒ = F͑t͒, where k 0 and ␥ 0 represent a spring constant and a damping constant of the second-order model, respectively; z is the uniaxial displacement function of the sphere; and m is the total mass on which the force acts, which is the sum of sphere mass and added mass of surrounding gel mЈ =2a 3 g / 3, where a is the sphere radius and g is the gel density. F͑t͒ denotes the driving step force. The M-mode OCT image, as shown in Fig. 2(c) , was fitted according to the solution of the above equation, and k 0 and ␥ 0 were estimated through the least-square fitting procedure. The shear modulus can be calculated as = k 0 /6a. The shear damping parameter can be calculated as = ␥ 0 /6a. Following this, spectral analysis was performed on the OCE data. A fast Fourier transform was performed on the time-domain OCE data, generating its power spectrum as shown in Fig. 2(d) . In the spectrum, the peak frequency corresponds to the resonant frequency of the system with damping d , which is related to k 0 as k 0 = m͓ d 2 + ͑␥ 0 /2m͒ 2 ͔. The Ϫ3 dB bandwidth can be expressed as ⌬ = ␥ 0 / m. Thus, by measuring the peak frequency and the Ϫ3 dB bandwidth, the material property shear modulus and shear damping parameter can be determined.
The material properties of the gels were verified independently through oscillatory rheometer experiments. Parallel plate shear experiments were conducted on an AR-G2 rheometer (TA Instruments). Circular specimens, 25 mm in diameter and 2-4 mm in height, were molded from the same gelatin used to make the large samples containing spheres. After one day of gelation, the specimens were removed from the molds and attached to parallel plate fixtures using cyanoacrylate (Rawn America). Five percent strain was applied over a frequency range from 0.1 Hz to 10 Hz with ten sample points per decade of frequency. For both concentrations of gelatin, the measured storage modulus was averaged over the test range.
The AM-OCE results are shown in Fig. 3 . In Fig.  3(a) , the shear moduli of the 3% and 4% gelatin samples measured by AM-OCE are plotted, including both least-square fitting and spectral analysis re- sults, as well as the rheometer results. The error bars for the AM-OCE least-square fitting results represent the calculation errors, while the error bars for the rheometer results represent the standard deviations. It can be seen that the AM-OCE results for both samples correspond well with the well-established rheometer results. In Fig. 3(b) , the shear damping parameter results for the 3% and 4% gelatin samples measured by AM-OCE are shown, including both least-square fit and spectral analysis results. From the results, we can see that both the shear modulus and shear damping parameters of the gelatin samples double when their concentration increases from 3% to 4%.
In Fig. 3 , no error estimation was made for the AM-OCE spectral analysis results. This is because the power spectrum, as in Fig. 2(d) , is derived from a single AM-OCE data measurement, with no statistical processing or fitting process performed. However, the processing time by the spectral analysis approach is about five times faster than by the least-square fitting approach. Based on the postprocessing procedure in MATLAB (The Mathworks, Inc.) and a processing sample number of 10, the processing time by the spectral analysis approach was approximately 1.4 s, while processing time by the least square fitting approach was approximately 7 s. Comparing these two different analysis approaches, there is an ϳ 5 times calculation difference between them.
We have experimentally demonstrated an AM-OCE technique that uses dynamic and internal acoustic radiation forces for mechanical excitation. Quantitative measurements of AM-OCE on gelatin-based phantoms were obtained, and the results were verified with a commercial oscillatory rheometer. To investigate efficient processing procedures, AM-OCE data were processed using both a least-square fitting and a spectral analysis approach. The spectral analysis of AM-OCE data is about five times faster than the least-square fitting AM-OCE analysis. The AM-OCE technique avoids the inaccuracies caused by speckle tracking algorithms, and it also has the feature of remote mechanical force excitation. Using the in vivo imaging capabilities of OCT for detection, this elastography technique has the potential for imaging biomechanical properties in vivo, such as for quantitatively measuring biomechanical properties of microenvironments around tumor development with micrometer-scale resolution. Acoustic radiation forces have been successfully applied for displacing small tumors that are stiffer than normal tissue (which we mimic with the embedded sphere) to enhance contrast in elastography for abdominal and breast cancers [14] . For OCE studies on samples without acoustically distinct inclusions, this acoustomotive method would still be applicable by using tightly focused acoustic waves [15] . Furthermore, the AM-OCE excitation force can be exerted from acoustic radiation originating from outside the body, which makes AM-OCE compatible with a wide range of OCT beam delivery techniques and promising for endoscopic, intravascular, and needle-based biomechanical property measurements.
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